Background: Carriage of carbapenem-resistant Enterobacteriaceae (CRE) in humans may contribute to the dissemination of CRE and impact on communities and healthcare facilities. Carbapenem-resistant Escherichia coli (CREC) is one of the major type of CRE in the human gut. Here, we describe a cross-sectional study to investigate the prevalence of CREC, and in particular the mcr-1 carrying CREC, in health volunteers in China. Methods: During September to December 2016, 3859 non-duplicated stool specimens were collected from healthy volunteers who received regular physical examinees in healthcare centers located in 19 provinces across China. Enrichment culture supplemented meropenem was used to isolate CREC. Carbapenemase producing determinants and the mcr-1 gene were determined by PCR amplification and sequencing. Isolates were further analyzed by antibiotic susceptibility test, genotyping, and whole genome analysis. Findings: A total of 92 non-duplicated CREC were isolated from 3859 stool specimens, among which 43 CREC are carbapenemase positive. In addition, the co-existence of bla NDM and mcr-1 was found in 14 CREC, which also showed resistance to the majority of all antimicrobial agents analyzed. The genetic background of these CREC isolates are highly diversified based on molecular typing. Furthermore, whole genome sequence indicated that NDM-5 is the predominant determinant conferring carbapenem resistance in CREC, and that NDM-5 carrying plasmids (IncX3) are very similar. Interpretation: The incidence of CREC carriage in healthy people in China was small; however, the co-existence of CREC with mcr-1 is disconcerting. Therefore, pre-screening prior to admission and monitoring of patients on high-dependency wards is highly recommended to control and prevent the dissemination of CRE in hospitals. Outstanding Question: The high prevalence of CREC in the healthy people should not be underestimated, as it may increase the risk of infection. This knowledge could have impact on the pre-screening and monitoring of CRE before patient administration.
Introduction
Antimicrobial resistance has become a global concern that threatens our ability to treat common infections caused by bacterial organisms. Among the major multidrug-resistant organisms, the emergence and dissemination of carbapenem-resistant Enterobacteriaceae (CRE) is recognized as one of the most serious threats to public health worldwide [1] [2] [3] [4] [5] [6] . Infections caused by CRE are often associated with high mortality, primarily due to the limited availability of therapeutic options [7, 8] . The recent increase in CRE were mainly due to the acquisition of carbapenem hydrolyzing enzymes such as Klebsiella pneumoniae carbapenemase (KPC) and the New Delhi metallo-β-lactamase (NDM) [9, 10] . The carbapenem resistance in K. pneumoniae is commonly mediated by bla KPC , often observed in the hospitalized patients, while that in E. coli was predominantly cause by bla NDM, which identified in both hospitalized patients and healthy people.
To date, over 20 NDM variants have been identified since the discovery of NDM-1 in India [11] . The rapid plasticity of bla NDM in such a short period of time may enhance its growing importance not only in the human but also in the food animals. These NDM variants are highly similar with only several amino acids difference. Their hydrolysis activity toward carbapenem also varies. NDM-5 (Val88Leu, Met154Leu) and its closely related variants, NDM-17 (Val88Leu, Met154Leu, Glu170Lys) and NDM-20 (Val88Leu, Met154Leu, Arg270His), possess stronger carbapenemase activity comparing with NDM-1, and the plasmids carrying NDM-5, NDM-17, or NDM-20 share significant high identity over 99% [11] . In China, NDM-5 has been frequently observed during surveillance of both clinical and food animal sectors [12] [13] [14] .
Colistin is considered as the last resort treatment for life-threatening infections caused by CRE. The recent emergence of the plasmidmediated gene mcr-1 conferring resistance to colistin in CRE strains further complicates therapeutic options [15] , leaving only a limited number of drugs for the treatment of infections. Recently, Li et al., reported the rapid increase of NDM and KPC as well as the emergence of mcr-1 in one of the largest hospitals in Henan province [16] . Usually, CRE infections occur in hospitalized patients, nursing homes, and other healthcare settings. Historically, CRE was usually thought to be acquired within hospital institutions; however, recently, several studies have suggested that CRE infections may be attributable to CRE colonized in the normal flora from healthy people [17] . Previous study also indicated that there is an increased risk of CRE infection and mortality in patients with CRE colonization at the time of intensive care unit (ICU) admission [18] . However, the prevalence of CRE in the normal flora of healthy people has been poorly studied, and the potential risk of carriage of CRE in the healthy population may have been underestimated. Enterobacteriaceae, especially Escherichia coli, are the common and normal flora in healthy people, but are opportunistic pathogens and can cause a variety of nosocomial infections. Our recent study showed that high incidence of CRE was found in food animals, which may be transmitted to humans through the food chain, resulting in the colonization of CRE in healthy people [14] . The carriage of CRE might not only pose a potential risk for healthy people, but also contribute to the dissemination of these microorganisms in hospital settings. Therefore, to better understand the current epidemiological trends and characteristics of CRE in healthy people, we investigated the prevalence of carbapenem-resistant E. coli (CREC) isolates collected from healthy volunteers in 19 provinces across China. We also characterized the main mechanism(s) conferring carbapenem resistance as well as investigated the emergence of mcr-1 in CREC.
Materials and Methods

Study Design
The aim of this study is to investigate the carriage of CREC, especially the mcr-1 carrying CREC, in healthy people. We performed a crosssectional multi-center study from September 2016 to December 2016. Stool specimens were collected from healthy people who received the regular physical examinees in 52 general hospitals located in 19 provinces including Beijing, Fujian, Guangdong, Guangxi, Guizhou, Hainan, Heilongjiang, Henan, Hubei, Hunan, Inner Mongolia, Jilin, Jiangxi, Ningxia, Shandong, Shanxi, Shaanxi, Tibet and Zhejiang, which accounted for a population of 844.5 million (~60%) in China. All the volunteers have been inquired about the medical history and antibiotic prescription. Only volunteers, who have not been hospitalized and taken any antibiotic in the last three months, will be selected for the screening in this study. At least 50 samples were collected from each province. In China, CRE screening is not a mandatory procedure in the clinical medicine, but it is required if the patient will be administrated into the ICU, and the screening guide is following the procedure issued by the United States CDC.
Enrichment culture supplemented with 0.3 μg/ml meropenem was used to isolate the CREC. Briefly, about one-gram stool was inoculated into 5 ml of buffered peptone water in a 10 ml tube and incubated at 37°C overnight. A 10 μl aliquot of the Enterobacteriaceae Enrichment broth was then spread onto a SS (Salmonella Shigella) agar plate supplemented with 0.3 μg/ml meropenem and incubated at 37°C overnight. The pure colonies of E. coli were selected based on their color and morphology, and the isolates were identified using matrixassisted laser desorption ionization/time of flight mass spectrometry (MALDI-TOF MS) (Bruker Daltonik GmbH, Bremen, Germany).
Ethical approval was given by The Second Affiliated Hospital of Zhejiang University. Individual consent forms were translated into Mandarin and consent was obtained for all healthy volunteers before sampling.
Gene Screening and Whole Genome Sequencing
First, the presence of carbapenem-resistant genes (bla NDM , bla KPC , bla IMP , bla VIM , bla OXA-48 ) and colistin-resistant gene (mcr-1) were screened using PCR, and then the positive products were validated with Sanger sequencing. All positive isolates were subjected to the whole genome sequencing. Genomic DNA of isolate was extracted using the Wizard Genomic DNA Purification Kit (Promega, Beijing, China), following the manufacturer's instructions. Indexed Illumina sequencing libraries were prepared using TruSeq DNA PCR-Free Sample Preparation Kit (Illumina Inc., San Diego, CA) following the standard protocol and sequenced on the Illumina HiSeq 2500 platform (Annoroad Biotec Co.) according to the manufacturer's protocols. The whole genome sequencing data was analyzed using multiple programs including SPAdes (whole genome sequence assembly), SRST2 (antibiotic resistance gene and MLST analysis), BRIG (BLAST ring comparison), Harvest and iTOL (phylogenetic tree analysis) as previously described [14] . After the whole genome sequencing, gap filing was conducted to complete the NDM-5 carrying plasmid using PCR and Sanger sequencing.
Research in context
Evidence before this study Carbapenems Resistant Enterobacteriaceae (CRE) has become a global threat to public health, and numerous studies have indicated the wide prevalence of CRE in the hospital highdependency units. However, the carriage of CRE, especially individuals admitted to and subsequently discharged from hospitals, has been underestimated and poorly studied.
Added value of this study
In this study, for the first time, a large scale observation study has been conducted to determine the carriage of CRE in healthy volunteers in China, and the results indicated a 2.38% (95% CI, 1.95%-2.91%) national-wide carriage of CRE in the healthy people. It is surprisingly that NDM-5 is the dominant determinants in the CRE isolates. This study provides the first insight of the carriage of CRE in a large cohort of healthy people.
Implications of all the available evidence
The outcome of this study suggest that the surveillance and monitoring of the carriage of CRE in the healthy people should be further evaluated, particularly for patients admitted to hospital highdependency wards (e.g. oncology, ICU) to prevent nosocomial outbreaks.
Antimicrobial Susceptibility Testing
The minimum inhibitory concentrations (MICs) for the CREC isolates against a panel of antibiotics were determined using broth microdilution method according to the Clinical and Laboratory Standards Institute (CLSI) guidelines. The results of antimicrobial susceptibility for carbapenems (imipenem, meropenem), cephems (cefepime, ceftazidime, cefotaxime, cefazolin, cefuroxime), piperacillin, β-lactam/β-lactamase combination (piperacillin-tazobactam, ampicillinsulbactam, ticarcillin-clavulanate, cefoperazone-sulbactam (2:1), ceftazidime-clavulanate, cefotaxime-clavulanate), aminoglycosides (gentamicin, amikacin), fluoroquinolones (ciprofloxacin, levofloxacin), trimethoprim-sulfamethoxazole, minocycline, aztreonam, chloramphenicol, fosfomycin, and nitrofurantoin were interpreted according to CLSI guidelines, while the resistance for colistin and tigecycline was interpreted according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST).
Molecular Typing
All the bla NDM -positive E. coli were subjected to XbaI-digested pulsed-field gel electrophoresis (PFGE) typing. Salmonella enterica serotype Braenderup H9812 was used as a size marker. A dendrogram was generated from the homology matrix with a coefficient of 0.5% using the unweighted pair-group method using arithmetic averages ("UPGMA") to describe the relationships among PFGE profiles. Isolates were considered to belong to the same PFGE group if their Dice similarity index was ≥85%.
Statistical Analysis
The prevalence of CREC in this study are reported as a pooled prevalence estimate with a 95% confidence interval to represent resistance from 2015 to 2016 and the analysis method was described as previous [19] . Briefly, random effects meta-analysis was conducted for individual data of province-specific prevalence to establish a properly combined prevalence estimate for the national estimate by considering between-province variation. All the statistical analysis was performed in R version 3.3.1. Pooled prevalence was estimated using metafor package. Fig. 1A) . The age and gender information of the volunteers was also showed in Fig. 1B and C, and the majority of the volunteers was between 25 and 44, accounting for about 60% of the population. The age and gender distribution was very similar in the CRE positive cases (age 38.16 ± 13.45, Female 48.84% vs Male 51.16%) and the study population (age 37.51 ± 11.98, Female 45.48% vs Male 54.52%). Of 3859 isolates, a total of 92 (2.38%, 95% CI, 1.95%-2.91%) non-duplicated CREC isolates were obtained (Table 1) . We detected bla NDM , but not other carbapenemresistant genes, in 43 out of 92 isolates. From the 43 bla NDM genes, 40 (93.0%; 95% CI, 81.4%-97.6%) were bla NDM-5 , and 3 (7.0%; 95% CI, 2.4%-18.6%) bla NDM-1 . In addition, the co-existence of mcr-1 and bla NDM was detected in 14 CREC. Interestingly, all bla NDM in the mcr-1 carrying E. coli belong to bla NDM-5 . These E. coli isolates with both NDM-5 and MCR-1 were detected in six provinces ( Table 1 , Fig. 1 ). Approximately 40.2% of the total samples were from Zhejiang province, which were obtained from all 11 prefectural-level cities in Zhejiang province. The prevalence of CREC in Zhejiang is 2.26% (35 of 1551, 95% CI, 1.63-3.12%), which is similar to the average level nationwide (2.38%; 95% CI, 1.95-2.91%). The E. coli isolates carrying both NDM-5 and MCR-1 were detected in 5/11 cities ( Table 2 , Fig. 1 ).
Results
Overview of the CREC
Characterization of CREC
All NDM-producing E. coli were resistant to almost all β-lactams. The percentage of isolates susceptible to amikacin, colistin, tigecycline, and nitrofurantoin were 76.7%, 72.1%, 88.4%, and 83.7%, respectively (Table 3 ). All 14 MCR-1 and NDM-5 producing CREC exhibited resistance to all β-lactams, but remained susceptible to amikacin (92.9%), tigecycline (85.7%), and nitrofurantoin (92.9%) (Table 4) . Moreover, PFGE analysis on the 43 bla NDM -positive E. coli isolates indicated that 42/43 PFGE patterns were distinctly different using 85% genetic similarity as cut-off, suggesting non-clonal dissemination is responsible for their transmission across China (Fig. 2) . 
The Genetic Background of CREC
To further understand the genetic background of CREC and its role in the dissemination of bla NDM and mcr-1, whole genome sequencing was conducted to reveal plasmid and core genome information. The draft whole genome sequence of 14 mcr-1 positive E. coli (MCRPEC) isolated showed that NDM-5 was located on contigs with lengths ranging from 41 to 46 kb in all NDM-5 carrying CREC, which was further confirmed by S1-PFGE (~46 kb) (data not shown). The complete sequence of the bla NDM-5 carrying plasmid (designated pNDM5-ZJ628R,NCBI Accession No. MH500845) from isolate E628-1 was acquired through gap filling by sequencing PCR amplicons. pNDM5-ZJ628R belongs to the IncX3 family, which was 46,161-bp in length with a G/C content of 46.6%. This plasmid contains 60 putative open reading frames (ORFs) and the gene components of the plasmid are show in Fig. 3A . Of the 40 NDM-5 carrying CREC, 23 plasmid sequences were closed for the full length of the plasmid (~46 kb) and selected for comparison with five other IncX3 plasmids carrying blaNDM-5 identified from animal farms and showed over 99% identity (Fig. 3A) . The draft sequences of the other NDM-5 carrying plasmids showed all were highly similar to pNDM5-ZJ628R. S1-PFGE analysis showed mcr-1 was mostly located on plasmids with lengths of 240-330 kb, and two were located on the chromosome (Fig. 5) . Whole genome sequencing confirmed that the plasmid Inc. type is IncHI2, which was similar to plasmid pHNSHP45-2 [20] . Comparison of mcr-1 carrying plasmid sequences are shown in Fig. 3B . The sequencing of nine isolates carrying mcr-1 shares over 90% identity and 90% coverage with plasmid pHNSHP45-2.
Core genome analysis of CREC and MCRPEC revealed 6 distinct lineages (Fig. 4) . A total of 165,857 core SNPs were used to analyze the relationship among these isolates, and most isolates identified from the same region or adjacent region could be found in the same or closing lineage. We found these strains can be allocated across 32 ST clades, and none of these ST clades was dominant, affirming our PFGE analysis. Interestingly, the average number of antibiotic resistance genes are 18.7 ± 4.6 in the mcr-1-negative CREC, and 24.3 ± 3.7 in the mcr-1-positive CREC, indicating that mcr-1-carrying CREC are likely to carry more ARGs Fig. 2 . PFGE analysis of carbapenem-resistant E. coli, XbaI was used for digestion of the genomic DNA.
comparing with mcr-1-negative CREC in the normal flora of healthy people (P-value b 0.05).
Discussions
Since the first discovery of NDM-1 in 2009, over 20 NDM variants have now been reported. A nationwide Chinese survey demonstrated that the acquisition of two carbapenemases, KPC and NDM, was responsible for phenotypic resistance in 90% of the CRE strains tested (58% and 32%, respectively) [2] . In E. coli, the proportion of NDM was higher than that of KPC [2] . So far, majority of the epidemiology studies of CRE have focused on clinical data, as it was deemed that healthy individuals were usually not affected by the carriage of CRE. Hitherto, there have only few studies about the prevalence of CRE in the normal flora of a healthy The internal ring is the reference sequence of NDM-5 carrying plasmid pNDM-ZJ628R, and the outside rings are other 23 plasmids from this study and 5 plasmids of animal origin, which are highly similar to pNDM-ZJ628R. B) The comparison of mcr-1 carrying plasmid sequences in mcr-1 positive CREC isolates. Each color represents a mcr-1 carrying plasmid. The internal ring is the reference sequence of mcr-1 carrying plasmid pHNSHP45-2, and the outside rings are other 14 plasmids from this study, which are similar to pNDM-ZJ628R.
population [17, 21] . Here, our study presents a comprehensive epidemiology study of the carriage of CRE in the healthy Chinese population.
To date, over 20 NDM has been discovered, and bla NDM -1 appears to be overwhelmingly dominated in the clinical sector. Amit Ranjan et al. reported that the majority of MBL producers were NDM-1 (69%) followed subsequently by NDM-5 (19%) in extra-intestinal pathogenic E. coli strains [22] . Another study showed the similar finding in China from 2013 to 2015, 80% was NDM-1, and 17.8% was NDM-5 [23] . Surprisingly, in our study, the number of NDM-5 producing E. coli isolated in the gut flora (40 strains) was much higher than that of NDM-1 producing E. coli (3 strains), suggest the prevalence of NDM has been shifting from NDM-1 to NDM-5 in the community of China, but this shift has not been observed in India and other countries yet.
Since the first discovery of bla NDM-5 in China, bla NDM-5 has been identified in a variety of Enterobacteriaceae, and the Inc. type primarily carrying bla NDM-5 is IncX3. In this study, pNDM5-ZJ628R was identified as an IncX3 plasmid, with a typical backbone structure for this plasmid type, including regions involved in replication, partitioning, plasmid maintenance, transcriptional activation, and conjugation/type IV secretion [24, 25] , which is very similar to the plasmids carrying bla NDM-5 in the CREC and MCRPEC (Fig. 3A and B) .
The comparative analysis of 23 bla NDM-5 carrying plasmids (the contigs close to the full length of plasmid) revealed that these plasmids possessed very high similarity to the closed sequenced plasmid pNDM5-ZJ628R. BLAST homology analysis showed that pNDM5-ZJ628R had 100% identity and 100% query coverage with pP855-NDM5 (accession number: MF547508) and pNDM5_IncX3 (accession number: KU761328), a 46,161-bp IncX3 plasmid isolated from E. coli (accession number: P855MEM) of pig origin and Klebsiella pneumoniae (SZ204) of human origin [26] . Recently, a novel bla NDM-17 was discovered in E. coli from poultry in China. This bla NDM-17 carrying plasmid also belongs to IncX3 (GenBank accession no. KX833071), sharing 99% identity (46,142/46,161 bp) and 100% coverage with NDM5_IncX3 (KU761328), a 46,161-bp IncX3 plasmid isolated from Klebsiella pneumoniae (SZ204) [27] . In comparison with NDM-5, NDM-17 has a single E170K substitution and showed increased resistance to carbapenems, which may suggested bla NDM-5 IncX3 plasmid could be a pivotal branch for further evolution of NDM carbapenemases. The IncX3 plasmid carrying bla NDM-1 pNDM-HN380 (54,035 bp) [ 22] was reported in Hong Kong in 2012 was also very similar to pNDM5-ZJ628R (46,161 bp) apart from an 8 kb region, which may suggest this plasmid could be the origin of the IncX3 plasmid. Although IncX3 plasmids are considered low-prevalence, narrow-host-range plasmids of Enterobacteriaceae [12] , our MLST analysis showed IncX3 plasmids have a wide host adaption capability in E. coli. These plasmids may have served as a common vehicle in disseminating bla NDM in E. coli among human, animal, and environment sectors, and might be responsible for the rapid spread of NDM-carrying isolates [13] .
The overwhelming prevalence of bla NDM-5 in E. coli in the healthy population seem to be identical with the trend of bla NDM-5 in E. coli from the Chinese poultry production chain. A recent study reported bla NDM-5 accounted for 52.2% of all CRE isolates (84/161); not only in poultry farms, but also slaughterhouses, supermarkets, and poultry farm workers [14] , which suggests a dynamic transition for bla NDM among human, animal and the environment.
It is worth noting that almost one third of the total carbapenemase producing E. coli isolates (14 out of 43) carry mcr-1, suggesting an emerging co-existence of bla NDM and mcr-1 in Enterobacteriaceae in human normal flora from healthy volunteers. The co-existence of bla NDM-5 and mcr-1 has been occasionally observed at a low prevalence in individual clinical samples [28] [29] [30] , and to the best of our knowledge, this is the first report of the co-existence of bla NDM-5 and mcr-1 in the normal flora of humans. Interestingly, 23% of CRE isolates of animal origin from Shandong province showed a high co-existence of bla NDM and mcr-1, which is consistent with the findings in this study [14] . Although whole genome sequencing could not retrieve the complete sequence of mcr-1 carrying plasmids, the comparative analysis between whole genome draft sequences and two common mcr-1 carrying plasmids (pHNSHP45 and pHNSHP45-2) showed the majority of mcr-1 carrying contigs share high similarity to plasmid pHNSHP45-2. Moreover, MLST analysis also indicates the wide host adaptability of pHNSHP45-2 like plasmids in E. coli isolates from different regions in China.
The relative small number of samples is one of the limitations for this study, comparing with the population size in China, as this study is just an observation study for understanding the prevalence of CREC in the healthy people. Although the CRE positive case number is small, but it suggests the prevalence of CREC in the healthy people does exist, and the colonization of CREC in the healthy people may contribute to the later infection in the hospital. Now, according to the CHINET Surveillance Program, the prevalence of CREC in the hospital in about 2.0% based on 36,375 EREC isolates [31] , which is similar to the prevalence of CREC in the healthy people. Another limitation is the limited information of geography from the volunteers, such as antibiotic consumption, poultry consumption, etc., which makes it difficult to identify the risks related to the colonization of CREC in the healthy people. This is the first comprehensive study to reveal the emerging coexistence of bla NDM-5 and mcr-1 in the normal gut floral of healthy individuals. Our findings further suggest that the dissemination of bla NDM-5 may be augmented by the presence IncX3-type plasmids. Due to the high prevalence of CRE in the healthy human population, it is urgent to implement a screening procedure to monitor the presence of CRE for patients admitted onto hospital high dependency units e.g. oncology to prevent the dissemination of CRE in high-risk patients.
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